The present study investigates the effect of different habitat attributes on brachyuran crab diversity in two different study sites in the Sundarban mangrove, India. The two sites differ in the level of anthropogenic intrusion and in the age of the mangrove forest. Seasonal changes in the environment and in brachyuran faunal abundance were recorded for three years. Species composition varied between the two habitats irrespective of season. The habitat heterogeneity and the recorded crab community was analysed by several univariate and multivariate statistical techniques. The newly replanted mangrove site showed lesser diversity than the natural one. Ocypodid crabs, mainly Uca rosea, dominated both study sites, whereas Uca triangularis was totally absent from the replanted site. Canonical correspondence analysis showed that the total acidity, total alkalinity, pH content of water, total dissolved solids, inorganic phosphate content of water, soil specific gravity, soil density and the physical constructions of the habitat play a crucial role in moderating the crab community structure. This study reveals that brachyuran crab diversity can be used as a potential indicator of the alterations of mangrove habitats.
INTRODUCTION
Mangroves are the most productive and dynamic ecosystems in tropical and subtropical intertidal areas (Robertson and Blaber 1992, Kathiresan and Bingham 2001) . The Sundarban mangrove (21°30' to 22°40'N, 88°05' to 89°55'E) in India is the single largest mangrove in the world and has the greatest variability in the hydrological features both at a spatial and temporal scale. This mangrove was declared as a world heritage site by IUCN in 1987 for its rich faunal diversity. The topography and quality of the substratum, the salinity variations and the interactions among these factors result in a high habitat heterogeneity in the mangrove, ensuring a similarly diverse faunal community (Gopal and Chauhan 2006) .
The habitat parameters (physical structure and edaphic and hydrological parameters) normally have a strong influence on the diversity and abundance of the associated organisms (MacArthur and MacArthur 1961 , Lawton 1983 , Ellner 2001 . The complex system of prop-roots and pneumatophores in mangrove forests, in association with an often dense layer of leaf litter and detritus on the substratum, provides generous cover from predators for many invertebrate species (Acosta and Butler 1997 , Primavera 1997 , Laegdsgaard and Johnson 2001 . In addition, variation in the density and structure of mangrove roots produces an array of shelters (Primavera 1997 , Macia et al. 2001 . Such variation normally affects the benthic fauna in a species-specific manner (Kon et al. 2009 ). Although some studies have examined effects of mangrove loss on benthic and epibenthic animals (Levings et al. 1994) , few studies have examined how smallerscale modification of habitat complexity affects the biodiversity and abundance of mangrove-associated fauna (reviewed by Hatcher et al. 1989 ).
Among all benthic macro fauna in the intertidal zone, brachyurans are the most significant because of their great diversity, comprising about 1271 genera and 6793 species (Ng et al. 2008) . Brachyurans are also the most important macro-invertebrates as they make up 80% of the total faunal biomass (Golley et al. 1962) and attain high density (Macintosh 1984) . Their role in the ecological functioning of the mangrove ecosystem (Lee 1998 ) through litter turnover (Robertson 1986) and bioturbation of soil (Smith et al. 1991) provides crucial food sources for coastal fisheries (Macintosh 1984) . For all these reasons, Smith et al. (1991) recommended crabs as possible keystone species in the mangrove habitat. Except for the distribution and abundance of some of the dominant species of the Sundarban mangrove, no detailed information is available on the crab community. Therefore, the objectives of the present study were (i) to compare the community structure of brachyuran crabs at two mangrove sites with different habitat attributes because each habitat functions according to different physical, edaphic and hydrological properties, and (ii) to evaluate whether brachyuran crabs can be used as an indicator of habitat status in mangrove ecosystem.
MATERIALS AND METHODS

Study sites
The present study was conducted in the central part of Sundarban mangrove, namely at Jhorkhali Island (22°01'14.55"N, 88°41'30.39"E) located between the two large rivers Matla and Bidya. Two study sites were selected; site-1 along the mudflats of the Matla River and site-2 along the Boro Herobhanga creek (Fig. 1) . Both sites experience a subtropical monsoonal climate with an annual rainfall of about 1600-1800 mm (Man- na et al. 2010). At site 1, the mangrove forest is truly natural without much anthropogenic intrusion, and with four dominant arboreal species (The dominant mangrove species are Avicennia marina, A. officinalis, Rhizophora apiculata and Excoecaria agallocha). Site 2 has a docking site for local ferry boat services and a mangrove replantation plot dating back to the 1990s, with a mixed vegetation composition (R. apiculata, A. marina, A. officinalis, Bruguiera cylindrica, Haritiera fomes, Ceriops sp., Sonneratia alba, etc.) . The replantation plot serves as a source for replantation programmes throughout Sundarban.
The sampling area of each site was 3 km 2 , within which three 1-km transects were laid (two along the two sides of the square and one along the middle). About sixty 2×2 m 2 quadrats were placed randomly along the transects for the collection of the data. In all the quadrats physical, hydrological and edaphic parameters were thoroughly analysed twice in a month for three seasons (pre-monsoon, monsoon and post-monsoon) in three consecutive years. For each of the variables, 10 replicates were made during each sampling. The number of the pneumatophores, senescent and decaying leaves, shrub and herb density were recorded in each quadrat. Percentage of canopy cover was determined using a locally built densiometer, while canopy height and shrub height were determined using measuring tape.
Soil sampling design
Soil samples were collected from each quadrat with the help of a soil corer and carried to the laboratory in plastic zipper pouches. In the laboratory, the initial weight of the soil samples was taken, the samples were oven dried (60°C for 48 hours) and the final weight of the samples was taken for the measurement of soil moisture. Soil pH and soil specific gravity were determined following the method of Brower et al. (1998) . Soil organic carbon and organic matter were assessed using a modified Walkey and Black method (Nelson and Sommers, 1996) .
Water sampling design
At both sites, subsurface water samples were collected twice every month simultaneously with crab sampling during high tide from a depth of 20-30 cm. Overall 13 hydrological variables were considered. Air temperature and water temperature were measured instantly with a mercury thermometer with 0.1°C graduations. Dissolved oxygen was measured at the site using a Lutton, DO-5509 Dissolved Oxygen Meter. Total Dissolved Solute and pH were also recorded in the field using portable testers (Eutech instrument, cyber scan). Water samples were collected in amber-coloured, labelled glass bottles for analysing the rest of the hydrological parameters. Samples were preserved at 4°C without freezing and taken to the laboratory within 3 h of collection for analysis as per standard methods (APHA 1998). In the laboratory, total alkalinity was measured following the acid titrimetric method, using H 2 SO 4 as titrant and methyl orange as an indicator. Salinity was determined in practical salinity units (PSU) by the Knudsen argentometric method (Strickland and Parsons 1972) . Total acidity was measured following the alkaline titrimetric method using NaOH as the titrant and phenolphthalein as the indicator. Total hardness was assayed by the EDTA titrimetric method. Inorganic phosphate, reactive silicate, nitrate-nitrogen and nitrite-nitrogen were measured using a UV spectrophotometer following standard sea water analysis methods (Grasshoff 1983 , Strickland and Parsons 1972 .
Crab sampling design
During both low spring tide and low neap tide crabs were collected quantitatively by performing three individual time-based samplings in each of the 2×2 m 2 quadrats. The collection was based on the assumption that brachyuran crabs generally do not change significantly over the time scale (Ashton et al. 2003a ). Precisely, three independent time-based samplings were employed in each quadrat. One sampling (considered as one replicate) represented one person collecting crabs for 15 min. This method, first devised by Ashton et al. (2003a) , was found to offer a good representative sample of the crab population residing at each site. Crabs were collected mostly by hand, sometimes with the help of a trowel. To reduce the bias in favour of slow-moving species, great efforts were given to catching the larger and fast-moving elusive species. After collection, the crabs were kept in 70% alcohol inside labelled plastic containers and carefully transported back to the laboratory. In the laboratory the crabs were identified and preserved in 4% formalin for future identification.
Data analysis
As the study focuses on the temporal factors (seasons and years) at two different study sites, one-way analysis of variance (ANOVA) at 5% level of significance was used to test for significance for the environmental parameters followed by Duncan's post hoc tests to check for differences in the environmental factors between every pair of seasons and year. These parts of the statistical analyses were carried out by means of SPSS (Statistical Package for Social Sciences, version 17.0 Norušis 2000).
A total of 2055 individuals were collected during the period of three years. Total crab abundance was calculated at two different sites for three seasons in each year: pre-monsoon, monsoon and post-monsoon. From the sampled data, Pielou evenness (J) (Pielou 1969) and species dominance (D) index (Berger and Parker 1970) were calculated for two sites in three seasons each year. Univariate measures were transformed using square-root to normality, if necessary. The similarity in seasonal species composition at each site was studied by calculating the Bray-Curtis coefficient based on the square-root-transformed species abundance data. The result was displayed by non-metric multidimensional scaling (nMDS) plot (Clarke 1993) . For differences between the study sites, formal significance tests for similarity were performed using the one-way ANOSIM permutation test on the crab similarity matrix. The crab species which are contributing to the dissimilarities between the two study sites were investigated using the similarity percentage (SIMPER) (Clarke and Warwick 1994) . All mentioned statistical treatments were performed using PRIMER-E Software (v. 6).
In order to assess the interaction between different hydrological, edaphic and physical parameters and the crab species assemblage, unimodal distribution of species was used to explain the abundance of species with environmental variables (water temperature, pH, salinity, total acidity, total alkalinity, total hardness, inorganic phosphate, nitrate-nitrogen and nitritenitrogen, soil organic carbon, soil organic matter, soil pH, soil density, soil specific gravity, % of canopy cover, canopy height, pneumatophore density, % of leaf litter, herb density, etc.). Canonical correspondence analysis (CCA) was employed with biplot type of scaling on inter-species distance and down weighting of rare species. The species abundance data were square-root transformed. A test of significance of the first canonical axis and all canonical axes was made using the Monte Carlo test with 499 permutations under the reduced model (Ter Braak 1986 , 1988 , Jongman et al. 1995 . The relationships of crab species abundance with environmental variables were presented in ordination diagrams (biplots) for the first two axes using CANOCO 4.5 software package.
RESULTS
Seasonal and annual trends in hydrological and edaphic parameters for the two sites are given in Table  1 and Table 2 , respectively. Most of the parameters, and specially inorganic phosphate, nitrite-nitrogen, nitrate-nitrogen, salinity of water and organic carbon along with organic matter and moisture content of soil, differed significantly (p<0.05) between the two sites. At site 1, all the hydrological parameters and most of the edaphic factors varied significantly (p<0.05) between three seasons of a year and also between years of a particular season. At site 2, hydrological and edaphic parameters of the habitat differed (p<0.05) mostly in all the seasons and in all three years of a particular season (Gray, 1831) ]. Out of the three ocypodid species, U. triangularis was present only at site 1, whereas U. rosea was found to be the most dominant species at both the sites. When an independent sample t-test was performed between the two sites, they differed significantly in terms of species evenness (J) and dominance (D) indices accordingly (p<0.05).
Species density was found to be much lower at site 2 (27-32 ind. m -2 ) than site 1 (58-68 ind. m -2 ). Site 1 showed a seasonal pattern in diversity indices. The premonsoon season represented significantly higher species evenness (J) (p=0.000) than the post-monsoon and monsoon seasons (Fig. 2) , whereas at site 2, J and D were found to be significantly different (p=0.000) among three respective seasons. Throughout the study period post-monsoon was found to be the most favourable season for abundance and even distribution of crabs.
One-way ANOSIM represented significant differences in brachyuran crab community structure between the two sites (R=0.05, p<0.001). Similarity percentage analyses (SIMPER) of square-root-transformed brachyuran crab abundance data revealed that site 2 had the highest similarity (62.6%) constituted mainly due to the contribution of only one species: U. rosea (cumulative contribution to abundance 62% compared with 56.6% at site 1). The discriminating species that contributed most to the dissimilarity between the two were U. rosea (40.9%) and U. triangularis (21.4%). The nMDS plot (Fig. 3) based on the species abundance in three seasons in three years at both study sites represented a clear division of the crab community into five different groups (derived from 60% of Bray-Curtis similarities; stress value, 0.02). The first group was composed of the abundance of U. rosea at both sites; the second was formed by the abundance of Myomenippe hardwicki (Gray, 1831) at site 1; the third group was formed by the absence of U. triangularis at site 2; and the fourth group was mainly formed by the cumulative abundance of Uca dussumieri (H. Milne-Edwards, 1852) and M. hardwicki at site 2. The fifth group was formed by all the other remaining species at both sites.
With regard to the percentage abundance of individuals, one-way ANOVA showed significant differences (p<0.05) between seasons in each year and between years for each season at two study sites, as shown in Figure 4 . When seasons were compared, U. rosea was found to be the highest in percentage of individuals representing maximum abundance during all seasons at both sites. A significantly higher percentage abundance of U. triangularis was recorded in the pre-monsoon season than in the other two seasons in every year at site 1; E. mederi was also comparatively higher in percentage during the monsoon than in the other two seasons. At site 2, U. rosea was the most dominant species throughout the year, followed by S. serrata and E. mederi. Figure 5 shows the CCA analysis for the brachyuran crab assemblage based on 36 samples at each of the stations, including all the seasons in the study period. It indicates that the environmental variables explain significantly about 96% and 97.5% of the crab assemblages at site 1 and site 2, respectively, considering a cumulative percentage variance of four axes. The brachyuran crab species at each site are plotted as the points in relation to the environmental parameters plotted as arrows. Although a number of axes were determined within the study, only axes 1 and 2 were taken into consideration as they accounted for 77.5% and 75.2% of the total variability of the four axes.
Considering their vector length, acidity (r=0.58), pH of water (r=0.64), alkalinity (r=0.64), TDS (r=0.55) triang, Uca triangularis; U. dussum, Uca dussumieri; E. meder, Episesarma mederi; M. hardwi, Myomenippi hardwicki; S. serrat, Scylla serrata; C.Cvr, canopy cover; C. Ht, canopy height; S. Den, shrub density; S. Ht, shrub height; Pneu, pneumatophore density; H. Den, herb density; FL, fallen leaves; Soil OC, soil organic carbon; Soil OM, soil organic matter; Soil M, soil moisture; Soil den, soil density; Soil S G, soil specific gravity; WT, water temperature; AT, air temperature; ALK, alkalinity; ACI, Acidity; TH, total hardness; SAL, Salinity; Ip, inorganic phosphate; NO3-N, nitrate-nitrogen; NO2-N, nitrite-nitrogen.
and soil specific gravity (r=-0.59) might be the most important environmental parameters influencing the crab assemblage in site 1 (Fig. 5A ). On the other hand, inorganic phosphate content of water (r=0.51), soil moisture (r=0.42), soil density (r=-0.46), soil specific gravity (r=0.42) and canopy cover (r=-0.42) were the important environmental variables that influenced the crab assemblage at site 2 (Fig. 5B) . At site 1, axis 1 separated the pH-sensitive, acidity-tolerant species (on the right) from the species preferring a nutrient-rich environment. Axis 1 also explained S. serrata to be sensitive to changes in the moisture content of soil. Again, both axes separated the species with highest acidity tolerance (the upper half) and lower acidity tolerance (the lower half). At site 2, axis 1 separated the species which preferred heavier soil (contributing to the higher values of soil density and soil specific gravity) than the others. Axis 2 separated mostly the species having affinity towards inorganic phosphate (the upper half) from the species sensitive to it (the lower half).
DISCUSSION
Among all the benthic macro fauna which dwells in the intertidal zone, brachyurans are the most prominent (Jones 1984 , Macintosh 1988 as they play a fundamental role in the structuring and functioning of the mangrove ecosystem (Lee 1999) . Although extensive literature exists on crab diversity in southeast Asia and even in the coastal region of India (Tan and Ng 1994 , Ashton et al. 2003b , Sakthivel and Fernando 2012 , very few (Chakraborty and Choudhury 1992a,b) have dealt recently with crab diversity in Sundarban.
The number of crab fauna recorded in different climatic zones of the world varies considerably. Ashton et al. (2003a) have recorded 31 species of crab from Sarawak mangrove in Indonesia. The number of species found during the present study is low compared with other previous studies from the country (Table 3) . However, the crab diversity in Sundarban has not been studied extensively. Moreover, the effect of habitat on the crab diversity has not yet been explored in this mangrove. The present study establishes that the brachyuran crab fauna reflects habitat status when natural mangrove forests and replanted forests are compared. Within the limitations of the sampling, two interesting facts appear to affect the brachyuran crab community structure most strongly: the age of the forest stand and the level of anthropogenic turbulence.
Six species of brachyuran crabs were recorded from two different study sites. Among the two, all the species were abundant at site 1 in all seasons. The higher values of D at site 2 (Fig. 2) can be directly attributed to the maximum predominance of a particular species, U. rosea. It seems from the present study that most of the crab species preferred forested mudflats over replanted site. The assemblage groups revealed from the nMDS analysis (Fig. 3) showed clear separation according to species abundance. The high dominance of U. rosea, widely distributed at the replanted site and in the forested mangrove, contributed the overall lower diversity values. Absence of U. triangularis at the replanted site and low abundance of M. hardwicki placed them in the separate plots from the others. At site 2, microhabitat differentiation was not prominent due to low canopy cover (up to 20%) and root ramification. Hence, absence of U. triangularis, a spatially inferior competitor, is a foregone conclusion due to presence of all other competitively superior species. Tan and Ng (1994) suggested that the maintenance of high crab species diversity is integral to the health of the mangroves. Natural and human-induced disturbances pose serious threats to the functioning of mangrove ecosystems (Osborn and Polsenberg 1996) . The reaction of natural ecosystem to disturbances is often discontinuous, determined inadvertently and hence unpredictable (Holling et al. 1995 ). The present study shows that brachyuran crab community structure changes with the age of the stand. High ocypodid crab abundance dominates disturbed and young plantations (site 2), whereas a large abundance of grapsoid crabs, exclusively sesarmids, dominates mature forests where the canopy closes. Similar observations have been established elsewhere in different mangroves of the world (Macintosh 1984 , Aksornkoae 1993 , Sasekumar and Chong 1998 , Ashton et al. 2003b ). The result of independent sample t-test of the two study sites varied significantly (p<0.05) in terms of pneumatophore density, herb density, canopy cover and number of decaying leaves. Site 2 has a lesser number of Avicennia sp. facing the river, resulting in a lesser number of breathing roots. Reduction in the pneumatophore density and the attached algal mass would lead to higher near-bottom flow rates, with a concomitant reduction in deposition of nutrients (Abelson and Denny 1997) . The present study establishes U. rosea to be an opportunistic species which has a negative correlation with the pneumatophore density and therefore a lesser need Trivedi et al. 2012 19 Mudasal Odai (11°29'N and 79°47'E) and Nagapattim (10°46'N and79°59'E) Sakthivel and Fernando 2012 38 for deposited nutrients, a finding which is corroborated by Macintosh (1984) . Open mudflats provide a unique habitat for many species of brachyuran crabs; 10 species of brachyuran crabs have been recorded from the open mudflat of Mahi river estuary (Pandya and Vachhrajani 2013) . However, in the current study, out of the six species of crab recorded, U. rosea dominates the replanted open mudflat habitat, whereas U. triangularis mostly prefers forested mangrove. Elucidating the relationship between species occurrence and environmental variables allows us to identify the ecological processes that regulate different crab populations. Regardless of the changes in environmental conditions, many species change their habitats according to their ontogeny or seasonal rhythms, which means that relations between different species and their environment or habitat are spatially and seasonally dynamic (Morrison et al. 2002 , Kanou et al. 2005 . Mangrove crabs are generally affected by the abiotic and biotic factors of the habitat (Macintosh 1988 , Lee 1999 , Ashton et al. 2003b . The CCA in the present investigation recognized that hydrological and edaphic factors and the physical architecture of the habitat have a great impact on the brachyuran assemblage. The findings were similar to earlier observations (Soundarapandian et al. 2008, Chakraborty and Choudhury 1992b) . The crab assemblage of the study area of Sundarban mangrove is influenced seasonally by a variety of factors, viz. acidity, pH content of water, alkalinity, soil moisture content, soil pH, nutrient content of water and habitat attributes such as canopy cover and canopy height.
High dominance of a single species might indicate a stressful environment (Macintosh et al. 2002 and Ashton et al. 2003b) . As the ecosystem has not been restored to the normal mature condition by replantation, only one species (U. rosea) dominates the crab fauna at site 2. Further time may change the crab community structure at that location or the anthropogenic effects may irreversibly prevent the ecosystem from going back to its original state (Ashton et al. 2003b) . The crab community composition may give an indication of the habitat health. Ghost crabs have already been used as a tool for rapid assessment of human impacts on the exposed sandy beaches (Barros 2001) . In mangrove, given the environmental complexity, it is uncertain whether one or two species could be sufficiently sensitive to all major factors affecting a complex ecosystem to serve as indicator species. Rather, monitoring the changes in community structure may provide a more prominent and effective tool for evaluating ecosystem health (Cairns et al. 1993 and Ashton et al. 2003b) . As the brachyuran crab communities are omnipresent throughout the Sundarban mangrove and are an important part of the mangrove food web, they can be used as a good indicator of the local condition. The fact that they are primarily sedentary and have a reasonably long life cycle (Ashton et al. 2003b ) also supports their candidature. Changes in the crab community thus reflect the mangrove habitat status, which can be used as a tool for management purposes.
In conclusion, the determinant role of the habitat characteristics in moderating crab abundance and diversity is indicated. More meticulous approaches to the assessment of past and current restoration efforts must be developed (Stevenson et al. 1999) in accordance with the study of the health of the mangrove at undisturbed natural sites. An understanding of the ecological effects of disturbance to mangrove forests and the changes in the structure and dynamics of the crab meta-community will be of great importance for conservation of this unique ecosystem.
